This work describes a novel system to control the stability of a 1583 nm telecommunications laser diode via measurement of junction voltage. This electronic technique dispenses with the optical components used in conventional wavelength locking schemes and shifts wavelength control to system level electronic instrumentation. The approach employs real-time measurement of diode series resistance (R s ), which is used to compensate the measured forward voltage (V f ) and recover the junction voltage (V j ) of the laser. Control of V j provides wavelength control without introducing a significant error when the package temperature varies. This was implemented by measuring Rs as the dynamic resistance, δV/δI, by modulating the injection current. Recent work has reduced the modulation amplitude and noise in the electronics. Using a frequency deviation of 1 GHz, we achieved a centre wavelength variation of ± 2 pm over a package temperature variation of 20-55 °C. This gives a wavelength/ temperature coefficient of 0.03 pm/ °C, which is an improvement on 0.34 pm/ °C, as typically achieved for optical locking systems. The system has been further developed using board-level components within a compact demonstrator unit. Work is on-going to further enhance this performance over a package temperature variation of 0-70 °C.
INTRODUCTION
The wavelength stability of laser diodes underpins many applications in photonics. Typical applications are telecommunications and gas spectroscopy which have stringent requirements for both short term and long term operation. Telecommunications using dense wavelength division multiplexing (DWDM), restricts lasers to operation within the International Telecommunication Union (ITU) grid [1] , operating in the range 1530-1625 nm with a channel spacing ranging from 10 GHz to 100 GHz , centered with a frequency precision of Δν = ± 1.5GHz (Δλ = ± 12 pm) [2] . In high resolution gas spectroscopy, a laser's emission wavelength is scanned across a narrow gas absorption line to measure the gas concentration [3] . The wavelength drift of the laser must be much smaller than the gas linewidth, which for methane at λ=1651 nm is Δλ = 40 pm full width half maximum [3] .
For these applications, laser diodes such as distributed feedback (DFB) lasers are used, with a linewidth of around Δν = 20 MHz or lower [4] . Although lasers are nominally produced at a given wavelength to a tolerance of perhaps Δλ = 0.1 nm) [4] , the precise emission wavelength is a function of the injection current and laser operating temperature. The latter is affected by the external package (case) temperature, junction heating and thermal gradients within the package. Even with good thermal package design, active wavelength stabilization is required [5, 6] . If the injection current is fixed and the temperature of the laser's active region can be precisely and accurately controlled, the emitted wavelength should remain constant.
Conventional temperature control employs a thermo-electric cooler (TEC) and thermistor, the latter being located typically several millimeters from the laser's active region. This creates systematic errors [5] as the control system measures the temperature of the thermistor rather than the laser, thus is affected by changes to the temperature gradient between the thermistor and the active region, caused by changes to the external (case) temperature over the specified working temperature range.
To improve the wavelength stability provided by thermistor control a number of optical techniques are currently used. Thermally stable optical filters and etalons typically offer ~ 1 GHz stability over the life and operating temperature range of the device [7] and are used in wavelength lockers. These lockers can either be either internal or external to the package, as a separate device. These techniques inevitably increase the package component count (collimating optics, etalon, beam splitter, PIN diodes) and require active optical alignment during assembly to ensure the laser output is aligned to the ITU grid. Gas reference cells are also often used as wavelength transfer standards in telecoms applications [8] .
An alternative control technique is to use the electrical properties of the laser diode, such as its forward voltage V f , as this provides a sensitive indicator of the junction temperature. Potential advantages of this latter approach are a significant reduction in component count within the package and a reduced number of optical alignment processes during assembly.
Uehara and Katakura proposed the use of V f to stabilize the temperature and wavelength of a laser diode, and applied this to a 1.3μm buried heterostructure distributed feedback (BH DFB) laser [9] . They were able to achieve a stability of Δλ = 2 pm over 30 minutes at a fixed temperature, and a systematic shift of Δλ = 3 pm when subject to an external change in the ambient temperature of 10 °C. Lin et al. have applied forward voltage based control to a Fabry Perot laser diode [10] . They proposed that the injection current affects the junction temperature and that changes to this parameter must be compensated for when using the forward voltage. The forward voltage has also been used by Sergachev et al. in a fast (300 kHz bandwidth) control loop aimed at reducing frequency noise in quantum cascade lasers [11] .
In this paper we report on the progress in developing a new wavelength stabilization technique, whereby the junction voltage (V j ) of a laser diode is used to measure the temperature of the active medium. The essence of the technique is that the series resistance of the laser diode can impose a small but significant error when measuring the forward voltage V f , and must be compensated to recover, accurately, the underlying junction voltage [5] . Applying a sinusoidal modulation to the injection current and measuring the demodulated forward voltage allows one to measure the series resistance dynamically as δV/δI and compensate for it. Modulation of the injection current also has the effect of frequency modulating the laser output. This paper further develops the technique which was described by Asmari et al. and applied to a 1650nm DFB laser packaged in a TO can [5] . We have now reapplied this technique to a telecommunications DFB fiber-coupled laser and replicated the results. The frequency modulation of the laser output has been reduced from 40 pm to 9 pm pk. to pk. and the temperature range over which stability was achieved has been increased from 20 °C to 35 °C. The experimental setup has also been improved; migrating from discrete laboratory instruments to a compact rack-mountable unit comprising discrete boards/modules.
LOCKING METHOD
The relationship between a laser diode's junction voltage (V j ) and its operating temperature can be used as a temperature sensor and, within a control loop, to stabilise the centre wavelength of the laser diode [5] . For DFB laser diodes requiring injection currents (I f ) of the order of 155 mA, changes in series resistance (R s ) with temperature can create a small but significant systematic error [5] in the measured V f . The simplified relationship between these terms is described in the equation below.
The methodology of junction voltage based temperature control is as follows. The V f of the laser diode is measured during typical operation. Then a small, kHz sinusoidal signal, I f , is applied to the laser resulting in a small modulation of both the wavelength and the forward voltage. The magnitude of the modulated voltage is measured and gives a dynamic measure of the diode series resistance as Rs = δVf/δI. This value of I f Rs is subtracted from Vf and provides the underlying junction voltage Vj which has been corrected for dynamic temperature effects. In practical terms, this is achieved by scaling the measured modulation δV f using a scaling constant A c , where A c = I f / δI. The scaling constant is then subtracted from the measured DC value of V f . The junction voltage is then subtracted from a selected set-point voltage and th the process is 
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